A resonant grating mirror comprising a multilayer submirror and a grating slab waveguide submirror exhibiting constructive mutual reflection is shown experimentally to provide zero transmission. Its reflection line width of less than 1 nm, its polarization selectivity and low overall loss make the device usable as a longitudinal mode filter in a disk laser in the 1000-1100 nm wavelength range.
Introduction
Resonant grating mirrors based on the excitation under normal incidence of a guided mode of a high index layer (or set of layers) belonging to a multilayer mirror have been shown to induce into said multilayer mirror a dichroic character [1] . This resonant effect was used in multilayer laser mirrors to monolithically control the polarization of the emission [2] . The direction of linear polarization is controlled by means of a rectilinear grating [3] [4] whereas a circular grating permits the generation of the very much wanted radially polarized mode as shown in a high power Nd:YAG laser [5] . The polarizing mechanism in a resonant grating mirror is based on the association of a standard multilayer reflector achieving most of the reflection and a pair of corrugated high and low index layers exhibiting so-called abnormal or resonant reflection thanks to the excitation by the incident beam of a guided mode of the high index layer via the grating. The reflection spectrum is thus composed of a wide band reflection pedestal produced by the multilayer and a reflection peak on top of the latter at the waveguide resonance. Whether the signature of the resonance is a peak or a dip in the reflection pedestal depends on the thickness of the low index buffer layer separating the multilayer and waveguide grating submirrors, i.e., depends whether the interference between the fields reflected by the two submirrors is constructive or destructive. Both options can be used for polarizing a laser beam: if the interference is constructive (there is a peak in the reflection spectrum), it is the coupled polarization which experiences the higher reflection coefficient and will therefore lase [3, 4] whereas in case of destructive interference, the noncoupled polarization will lase [1] . Both cases have been demonstrated experimentally. For the polarizing device to operate properly, the resonance must take place with normal excitation in the gain bandwidth of the active laser material; this imposes the following condition between the central wavelength λ of the gain bandwidth and the grating period Λ: Λ = λ/n e where n e is the effective index of the coupled mode at wavelength λ. This is not too easy to achieve without post-fabrication trimming because today's multilayer technologies do not exhibit sufficient reproducibility on the layer index and thickness: multilayer technologies can usually reproduce an optical path, but not the index and thickness separately. Therefore the effective index is not a priori known with sufficient accuracy. This is still a subject of concern for the development of resonant gratings applications. It is therefore still the task of the structure designer to give sufficient tolerances on the position of the resonance condition. A broadening of the resonance is the most obvious solution; this also what is required at any rate in a polarizing mirror since it is the whole gain bandwidth which must exhibit the dichroism effect.
The present paper reports on a different application of a resonant mirror to the control of laser emission. The objective is here to achieve very close to 100% resonant reflection under normal incidence and the narrowest possible reflection peak in order to select a single or narrow group of longitudinal laser modes. Such function is needed in interferometry and for second harmonic generation for instance. It is the same type of resonant mirror which will be used as described above for polarization control. However, the very specifications placed on the mirror will permit to learn more on the characteristics and limits of such resonant diffractive elements.
The present mirror is intended to be the rear mirror of an extended cavity semiconductor disk laser.
2.
Operation principle of a narrow band resonant laser mirror. The principle is the same as in the polarization filtering resonant mirror exhibiting constructive interference between the broad band ground reflection provided by a multilayer submirror and that provided by the waveguide resonance [3, 4] . Figure 1(a) is the sketch of the corresponding resonant mirror. The mirror in the present application is however the rear mirror of an extended cavity laser which must exhibit the least possible loss. Resonant reflection from a waveguide grating is known not to provide 100% reflection although it is theoretically possible: the scattering losses due to imperfect corrugation and waveguide absorption losses limit the practically achievable reflection coefficient to about 98%. As a consequence, the reflection threshold provided by the very low loss multilayer submirror must be as high as possible, leaving only a few percents of reflection to the highly selective resonant submirror, the only concern being that the spectral components outside the reflection peak do not lase. At this point it is worth mentioning that the narrow spectral filtering of the present device is inherently associated with polarization filtering: only that polarization which is coupled will experience amplification since its reflection is larger than that of the uncoupled polarization. Another specificity of the present mirror is that it is not integrated to the active medium unlike in the microchip laser demonstration in Ref. [3] . It is a stand alone mirror. The rear mirror should be looking at the inside of the laser cavity, its substrate being outside the cavity. If the mirror is fabricated according to the usual sequence of processes, the multilayer is deposited first with the two or three layers which will become the resonant submirror once the corrugation of the last high index layer has been fabricated. This is however not a desirable solution since it would imply that the wave impinging onto the rear mirror would first "see" the resonant submirror, then the multilayer. As a result, most of the reflection would be produced by the resonant mechanism with its losses of a few percents. Consequently, the resonant submirror must be located past the multilayer submirror on the way of the incident wave. This imposes the somewhat unusual configuration as sketched in where the mirror substrate gets first corrugated, then the resonant submirror layers are deposited as well as the layers of the multilayer submirror at once in the said order. The fact that all layers or part of them only are corrugated has often been a concern: it was once shown that such characteristics leads to a strong perturbation of the optical function [6] , more recently, the same feature was shown to lead to a reduction of the scattering [7] . It is important to point out that we are making use here of a resonant diffraction mechanism where the field in the waveguide is so large that a very shallow corrugation of hardly 15 nm is sufficient to provoke a major effect. Considering that the period is of the order of 500-600 nm, the corrugation aspect ratio is very small and unlikely to lead to adverse consequences on the operation of the multilayer submirror. This is what the experimental results will confirm indeed. It must also be said that the layer deposition technology is that of ion plating which ensures a conformal reproduction of the corrugation amplitude up to a large number of layers. The AFM scan of the last layer of the present 21 layers multilayer, 2.706 µm thick, made of alternate SiO 2 / Ta 2 O 5 shows in Fig. 2 (a) that there is a high degree of conformity with the scan made just after the etching of the fused quartz substrate [ Fig. 2(b) ]. Amazingly, ion plating even leads to an increase of the grating depth, in the present case from 17 nm to 23 nm. The period profile experiences a rounding of the ridges as if the first Fourier harmonics remained constant from the bottom silica corrugation to the last layer corrugation. A further technological and material study will undertake the analysis of this remarkable feature. This has the consequence that with such technology the behavior of all parts of the system can be modelised predicatively. The most important element in the multilayer system is the grating waveguide placed on top of the corrugated substrate. The whole synthesis of this element is made on the basis of the physical understanding of waveguide grating resonances first developed by Sychugov and team in the mid eighties [8] . The grating waveguide is well isolated from the multilayer by the thick low index buffer layer. It is symmetrical (double corrugation and cover and substrate index nearly identical). In addition, as given in Table 1 , the waveguiding layer with its 240 nm thickness of Ta 2 O 5 of 2.18 index is very close to a half wave layer. This implies that the modulus of resonant reflection shows as a single peak with zero offset and no side dip; as a consequence, the resonant reflection can be simply placed as a quasi symmetrical peak on top of the multilayer ground reflection. Figure 3 shows that the transmission dip of the sole high index corrugated waveguiding layer surrounded by SiO 2 at both sides in the described conditions is symmetrical. The transmission falls from quasi 100% to zero as expected. The grating has a 559 nm period and a 21.6 nm deep sinusoidal corrugation. The transmission of the complete multilayer structure is represented by the dotted line; it confirms that the two submirror reflections superpose. The strength of the grating is such that there is 100% resonant reflection for an incident wave of imposed beam width. 400 nm beam width was imposed at the nominal wavelength of 1050 nm. How to dimension the grating strength for obtaining 100% resonant reflection for a beam of prescribed diameter is not a simple problem in the case of normal incidence. The phenomenological approach of resonant reflection teaches that the condition for 100% reflection in collinear incidence is αw > 2π where α is the radiation coefficient and w the width of the trace of a Gaussian incident beam on the waveguide grating plane [9] . This condition expresses the requirement that the excited guided wave does not propagate outside the impact zone of the incident beam so that the field overlap in the destructive interference between the 0 th order transmitted beam and the trapped then extracted beam in the transmission medium is close to 100%. Under normal incidence there is presently no simple expression between phenomenological parameters accounting for the coupling phenomena involved which are the + and -1 st orders waveguide coupling and the + and -2 nd orders intraguide Bragg reflection. As underlined in previous works, this 2 nd order intraguide coupling may play a very important role [10, 11] . The strength which the resonant grating must have to give rise to 100% reflection of a beam of finite width is therefore calculated numerically in the normal incidence case; as all layer interfaces are essentially undulated, the C-method is ideally suited [12] . The relevant information which a plane wave numerical simulation can provide for the determination of the grating strength leading to 100% reflection of a beam of finite width w is to be found in the angular spectrum of the plane wave reflection around normal incidence. The full angular width Δθ i of the angular spectrum is related with the propagation length of the coupled wave in the corrugated waveguide indeed, i.e., to the width w of the beam which can be efficiently reflected. For instance, if the beam is Gaussian, the angular width of the waveguide resonance which must be provided by the waveguide grating 4 , where λ is the wavelength in the considered material, air in the present laser case. As from here, the designer will use any grating code, for instance [12] , to find out the grating depth, possibly the duty cycle [11] leading to 100% reflection of angular width Δθ i . It is this method which led to the design of the grating of Fig. 1(b) with sinusoidal groove depth of 20 nm. The optimized multilayer is made of alternate SiO 2 and Ta 2 O 5 layers. The refractive indices are those obtained by ion plating at 1050 nm wavelength, i.e., 1.48 and 2.18 respectively. The grating period is 560 nm, the rectangular grating depth 15.6 nm only and the line/space ratio is 1/1. The modelling made by means of the C-method of a sinusoidal corrugation concluded to a 20 nm depth peak to trough. At so shallow a grating depth the same grating strength is provided by binary and sinusoidal gratings in the ratio π/4 between the first harmonic of their development in series. Figure 4 is the optimised reflection spectrum of the TE polarization, assuming plane wave incidence and infinite grating length. The spectrum extends to the green region because the mirror has the additional function of reflecting the second harmonics as well, but this is not a point discussed in the present paper. The multilayer comprises at the cavity side a set of thinner low and high index layers: this is the quarter wave submirror stack for the generated second harmonics. The expected resonance width in the chosen configuration is 2.5 nm.
The IR multilayer stack shows clearly that the first high index layer at the substrate side is thicker than a quarter wave layer: this is the waveguide followed by the low index buffer of width w b . The reflection coefficient of the sole corrugated waveguide layer in the absence of the multilayer with silica cover and substrate under normal incidence from the silica cover is found to be 100% in modulus with a phase of -179.7 degrees by means of the C method with a 20 nm deep sinusoidal grating, and 170° with the modal method and a 15.6 nm deep grating [12]. This confirms by the way that the resonant reflection phase is essentially π. With a low index buffer thickness of 561 nm one checks that the phase difference between the reflection from the multilayer and the resonant reflection at the resonance wavelength of 1050 nm at the interface between the last high index layer of the multilayer and the buffer is close to 390 degrees which confirms that the two reflection contributions add up essentially constructively. That the phase difference between the multilayer and resonant submirrors is not exactly 360° in the optimally designed structure does not question the relevance and general validity of the present physical representation: the interference is not exactly between two independent fields; the TE 0 waveguide mode field is well concentrated in the bottom high index layer indeed, however, as shown in Fig. 5 , the buffer layer isolation is not complete and the modal field weakly extends its tail all through the multilayer. 
Experiment
The grating corrugation in the fused quartz substrate is obtained by first exposing a 300 nm thick positive resist to an interferogramme at the HeCd laser wavelength of 442 nm, then by reactive ion beam etching into the silica surface. Figure 2(b) is the AFM scan of the obtained binary grating of 559.1 nm period and 17 nm depth. The multilayer is then deposited by ion plating [13] . The AFM scan of the surface after the deposition of the 2706 nm thick multilayer is also essentially binary with a depth of 23 nm, as shown in Fig. 2(a) . Figure 6 is a preliminary spectral measurement of the TE polarized transmission of the complete structure around 1050 nm wavelength. It reveals under normal incidence a sharp and deep dip on a wide band transmission background. The latter exhibits a periodic noise (with a period of about 0.3 nm) which actually is the signature of the Fabry-Pérot effect between the mirror and the back face of the fused quartz substrate. The different curves correspond to slightly different incidence angles. The amplitude of the interference noise is essentially the same for all curves. Non-normal incidence naturally exhibits a pair of transmission dips corresponding to forward and backward mode excitation placed symmetrically relatively to the central wavelength. These dips have a line width of about half that of normal incidence as expected from Ref. [14] . The spectral spacing between the two dips of a pair increases with the incidence angle. The measurements were made by using an optical fibre white light supercontinuum and a spectrometer of the type ANDO AQ-6315A Optical Spectrum analyzer ensuring a spectral resolution of 0.1 nm. The high spatial coherence of the source permits the separation between the angular and spectral effects. The beam diameter is about 1 mm. Index matching a prism at the backside of the grating substrate with glycerol (insert of Fig. 7) , whose refractive index matches that of the silica substrate, reduces the oscillations due to the backside reflection and the resulting interference. This leads to the spectacular transmission spectra of Fig. 7 revealing that the TE line width is as small as 2.2 nm and that the transmission is practically cancelled. The transmission at resonance is two orders of magnitude below the off-resonance transmission. It is at the detection limit of the detector. Remarkable is the fact that the resonance wavelength is only 1 nm away from the expected nominal resonance wavelength taking into account the experimental values of the grating period and depth in the calculations. This is a result of the good control which ion plating ensures on the layer index and thickness. The experimental transmission curve exhibits a double dip which infers that the incidence is not exactly normal. Experimentally, the auto collimation reference is defined at a resolution better than 0.02 degree. This is confirmed by calculating the theoretical transmission coefficient of the structure if illuminated under an incidence angle of 0.015°: the resulting spectrum (dashed curve in Fig. 7 ) exhibits the same feature as the experimental curve with exactly the same 0.6 nm distance between the two dips. The line width under oblique incidence is proportional to the radiation coefficient α of the grating waveguide; in other words it scales as the square of the grating depth for small depths. Assuming for instance that the resonant reflection condition is satisfied for a beam of 400 µm diameter and a grating depth of 20 nm leading to a line width of 2 nm, the needed radiation coefficient for the resonant reflection of a 200 µm wide beam is doubled which is achieved by a grating of 2 larger grooves; this leads to a line width twice as wide: 4 nm. However, under normal incidence, the resonance situation is fundamentally different because two contra directional coupled modes are involved with second order coupling between them. The scaling rules between the line width and the grating parameters in the form of phenomenological parameters do not exist to our knowledge. Numerical modeling only can predict what line width is provided by a given resonant structure.
Figures 6 and 7 refer to transmission measurements. Nothing presently tells that zero transmission amounts to exactly 100% reflection at resonance. Reflection measurements are very difficult to make at high precision. Laser measurements may give a quantitative estimate of the losses due to grating scattering and waveguide absorption losses. This will be the subject of further experimental studies.
The loss issue
The present resonant reflection device exhibits remarkable characteristics: narrow line width and a hardly measurable transmission. That the transmission is zero at resonance doesn't mean that the reflection is 100% because the corrugation at all interfaces gives rise to scattering and furthermore the field trapping in the guided mode causes reinforced scattering at the waveguide corrugated boundaries. In addition, the field which gives rise to the reflection peak experiences waveguide absorption losses along the propagation length which in the present case of 100% resonant reflection of a 400 µm diameter beam is roughly 50 µm. These losses represent the limits of the present device. More generally, they represent the limits for the applicability of resonant gratings. From the absorption loss figures published in the literature [15] on vacuum deposited high index metal oxide films, it can be assumed that 0.1 dB/100 µm is achievable; as such loss affects the resonant part of the reflected power (less than 10%), absorption losses as small as 0.1% must be within reach. Therefore, the most limiting factor may be the scattering level. The issue of scattering measurement under the condition of narrow line resonant reflection is a specific metrology problem requiring a very high spectral and angular resolution to retrieve the sole characteristics of resonant scattering. Early results have led to an adapted methodology which is under development.
Conclusion
The present paper reports on the demonstration of a further optical function that a resonant grating can perform for laser control : line narrowing leading to longitudinal mode filtering. It is demonstrated that the constructive association between a broadband multilayer and a waveguide grating permits to fully benefit from the narrow filtering property of waveguide grating resonant reflection without the penalty of its absorption and scattering losses. The design of the resonant mirror is made via an intelligible synthesis process based on field diffraction and interference, only the optimisation step being left to numerical modelling. This paper provides the methodology enabling the design of a wide variety of similar devices operating at different wavelengths and/or made of different materials.
A line as narrow as 2 nm is obtained at 1050 nm wavelength for a beam of 400 nm diameter by an embedded binary grating of 15 nm depth. A remarkable feature is the achievement of practically zero transmission at resonance by means of a multilayer structure having all interfaces corrugated. Although the precise measurement of the resulting scattering and absorption losses still has to be made, the present results already show that reversing the layer order in a resonant structure is possible without detrimental consequence. This is true for ion plating deposition technology characterized by a high conformity between interface corrugations. Whether the same is more generally true with other deposition technologies can not be stated; it is probable that it is, since the corrugation is very shallow on the one hand, and the layer responsible for the resonance is the first one deposited on the corrugated substrate on the other hand. A further feature in favour of ion plating is the reproducibility of the layer index and thickness allowing the resonance to be predicted within 0.2 %.
Further investigations are in process with the present mirror in a laser cavity for a finer evaluation of the spectral narrowing effect, of the polarization properties and of flux resistance as well as on the general scattering characteristics of this resonant corrugated multilayer.
